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splitting in eq 1. A binuclear Ni(I1) complex with such large 
exchange interaction is without precedence in inorganic chemistry 
and may be a consequence of a bridging thiolate. The synthesis 
and characterization of appropriate binuclear model compounds 
is required to evaluate this proposal. 
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Recently, studies of sequence-specific triplex formation of short 
synthetic oligonucleotides (or their analogues) have been of prime 
interest.Id In this report, a synthesis of a new oligonucleotide 
analogue containing 2-amino-5-(2-0-methyl-P-~-r ibo-  
furanosyl)-4( 1 H)-pyrimidinone (2’-0”thylpseudoisocytidine or 
1) in substitution for 2’-deoxycytidine and the triplex formation 
of this oligonucleotide analogue with a target duplex at neutral 
pH are reported. 

A triplex can be formed as a triad consisting of a homo- 
pyrimidine strand, a homopurine strand, and a homopyrimidine 
strand.’-” The third strand (Le., the second pyrimidine strand) 
is located in the major groove of a duplex with Watson-Crick base 
pairing.I2-l6 Thymines or cytosines in the third strand form 
Hoogsteen type hydrogen bondings with adenines or guanines in 
the homopurine strand, respectively. Since protonation of cytosine 
bases in acidic conditions is essential in order to provide the second 
hydrogen bonding between the protonated cytosine and guanine 
in the Hoogsteen pair of the triad (Figure 1, upper-left panel), 
this C-G-C+ triad is unstable in physiological conditi~ns.l’-~~ This 
requirement limits the formation of triplex in living cells since 
the cellular pH is usually above pH 7.0. 

To overcome this limitation, we designed and synthesized an 
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Figure 1. The hydrogen-bonding schemes of triplexes of CGC+ (upper 
left) and CGI  (upper right). The lower panel is a scheme for the syn- 
thesis of 1 and 5: 2 was obtained from Kyowa Hakko, U.S.A., Inc. (New 
York, NY). (a) Protection of the 3’ and 5’ hydroxyl groups according 
to Pankiewicz et aI.** (b) Methylation of the 2’-hydroxyl group; iodo- 
methane (40 equiv), Ag,O (IO equiv), 25 OC, 7 days.22 (c) Deprotection 
of the silyl group; BuoNF (2.5 equiv), THF,  25 OC, 1 h; 58% from the 
3’- and 5’-protected compound. (d) Protection of the 5’-hydroxyl group; 
dimethoxytrityl (DMT) chloride (1.05 equiv), pyridine, 25 OC, 12 h; 94%. 
(e) Conversion of the base moiety; guanidine (100 equiv), sodium eth- 
oxide (70 equiv), absolute ethanol, reflux for 1 h;29 61%. The a-anomer 
was not detected. (f) Protection of the amino group; acetic anhydride, 
DMF, 25 “C, 12 h, 78%. (g) (2-Cyanoethyl)-N,N-diisopropyl- 
phosphonamidous chloride (1.5 eq~iv) ,~O EtiPr,N (2 equiv), CH2Cl2, 25 
OC, 30 min; 71%. (h) Acetic acid (80%), 25 OC, 12 h; 78%. 

oligonucleotide containing 1 which may form Hoogsteen type base 
pairings through hydrogen bondings with guanine in neutral and 
basic conditions (Figure 1, upper-right panel). As indicated in 
the figure, this nucleoside 1 already contains one hydrogen at the 
N-3 position for hydrogen bonding with the guanine in the 
Hoogsteen pair of the triad. Also, methoxy substitution at  2’- 
position of pyrimidine nucleosides in a third strand stabilized the 
triplex formation.20 

A scheme for the synthesis of 121 and its amidite synthon 5 is 
shown in the lower panel of Figure 1. An octamer 5’- 
(TTlTTlTT)3’ (a) was synthesized on a DNA synthesizer 
(Applied Biosystem). After deblocking and purification, the 
oligomer a of this preparation showed one sharp peak by HPLC 
analysis. After hydrolysis of the oligomers by snake venom 
phosphodiesterase and alkaline phosphatase to nucleosides, the 
nucleoside composition for each oligomer was confirmed by HPLC. 

We studied a triplex formation of the oligomer a with an un- 
decameric target duplex Sfd(AAGAAGAAGAA)3’-5’d- 
(TTCTTCTTCTT)3’ (d) .  Both 5’d(TTCTTCTT)3’ (b) and 
S’(TTCmTTCmTT)3’ (c, Cm = 2’-Gmethyl~ytidine~~) were used 
as controls for the third strand. An octamer a or b or c was mixed 
with the duplex d in a buffer, and the thermally induced transitions 
of the helices in each mixture was studied by measurement of the 
U V  absorption at 260 nm at  pH 7 (Figure 2, upper panel). Both 
the duplex d alone and the mixtures consisting of b and d or of 
c and d showed only one transition ( T ,  = 42 “C, Figure 2, lower 
panel) which was attributable to the melting of the duplex d itself. 
On the other hand, the mixture of a and d showed two transitions 
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Figure 2. Upper panel: Relative absorbance, A/Ao = [A( TOC) - (A- 
(O0C)]/(A(6O0C) - A(O°C)], vs temperature at 260 nm. Lower panel: 
Absorbance change [AA(260 nm)/AT] vs temperature; (-) duplex d 
alone, (--) mixture of a and d, (e-) mixture of b and d, (---) mixture 
of c and d. All solutions contain each oligomer (3 pM), 1.0 M NaCI, 
20 mM MgCI2, and 0.01 M sodium cacodylate, pH 7.0. Tm's are indi- 
cated by arrows. 

(Figure 2, lower panel). One transition ( T ,  = 42 "C) was identical 
with the melting of d and the second transition (T ,  = 12 "C) was 
surmised to be the dissociation of the third strand a from the 
duplex d as illustrated in the upper panel of Figure 2. This mixture 
of a and d showed similar transition profiles between pH 7 and 
pH 8.7 (data not shown). 

Also, we studied the circular dichroism (CD) spectra of mixtures 
of oligomers. Spectra of a mixture of a and the duplex d a t  both 
3 OC (dotted line) and 30 OC (solid line) in neutral condition are 
shown in Figure 3A. As a control, the sum of a spectrum of a 
and a spectrum of d in the same buffer at 3 OC is shown in the 
same figure (broken line). The control spectrum and the spectrum 
of the mixture at 30 OC showed similar patterns. In contrast, the 
spectrum of the mixture a t  3 OC showed a different pattern, 
especially in the shorter wavelength ~ region. - A positive band at  
215 nm in the control spectrum changed to a negative band in 
the spectrum of the mixture a t  3 OC. This difference indicated 
the association of the third strand with the  duple^.^^-^^ Fur- 
thermore, a C D  mixing study showed that the association has a 
1 : 1 stoichiometry. These results indicated the triplex formation 
of a with d. 

It has been reported recently that the substitution of 2'- 
deoxycytidine by 2'-deoxy-S-methylcytidine ("C) and the sub- 
stitution of thymidine by 2'-deoxy-5-bromouridine in an oligomer 
can cause triplex formation above neutral PH.~' In such a sit- 
uation, the substitution at position 5 of pyrimidines was able to 
add a stabilizing factor (nature unknown) for the triplex. Our 
approach is different. A triplex can be formed without the re- 
quirement of protonation if one designs an oligonucleotide con- 
taining 1, a 2'-deoxycytidine analogue, which contains a hydrogen 
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Figure 3. (A) CD spectra of mixtures of a and d at 3 OC (dotted line) 
and 30 OC (solid line) and the sum of a spectrum of a and a spectrum 
of the duplex d in the same buffer at 3 "C (broken line) with 3 r M  a and 
d, respectively, in 1.0 M NaCI, 20 mM MgC12, 0.01 M sodium phos- 
phate, pH 7.5. Molar ellipticity, [e], is given per base residue. (B) CD 
mixing curves of a and d (filled circles) as well as b and d in 1.0 M NaCI, 
20 mM MgC12, 0.01 M sodium phosphate, pH 7.5 at 3 "C (open circles). 

a t  the N-3 (or N-I )  position, and which can form a pair of 
hydrogen bonding with 2'-deoxyguanosine in the Hoogsteen 
scheme through this very hydrogen. With this innovative ap- 
proach, it is anticipated that the possibility of triplex formation 
of an oligonucleotide analogue with genomic DNA in mammalian 
cells can be tested. 
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Supramolecular species obtained by assembling molecular 
components are currently the object of extensive photochemical 
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